may only be reduced with management practices that reduce runoff volume as well as sediment loss (Wau- alachlor and cyanazine, respectively. Cyanazine was more persistent
tional to the cumulative rain since the herbicide application. When
With banding, application rates and costs are one-half to herbicides were broadcast-applied, losses of alachlor and cyanazine one-third of conventional broadcast applications. Weeds in runoff followed the order: moldboard plow Ͼ chisel plow Ͼ ridge between the treated bands are controlled by mechanical till. Conservation tillage systems reduced runoff loss of herbicides by cultivation (Buhler et al., 1994) . In addition to reducing reducing runoff volume and not the herbicide concentration in runapplication rates, banding and cultivation also affect heroff. Herbicide banding reduced the concentration and loss of herbibicide transport through changes in weed growth and cides in runoff compared with the broadcast application. Herbicide losses in the water phase averaged 88 and 97% of the total loss for surface hydrology including runoff (Hansen et al., 2000) .
alachlor and cyanazine, respectively. Cyanazine was more persistent
Our objective was to evaluate the effects of herbicide than alachlor in the soil.
application method and tillage practice on herbicide losses in surface runoff. Herbicide losses in both solution and sorbed phases of runoff are compared for band vs.
H erbicides move into surface water via agricultural broadcast application methods. The herbicides applied runoff (Pereira and Hostettler, 1993) . Schottler et were alachlor and cyanazine. Tillage systems evaluated al. (1994) detected atrazine, alachlor, and cyanazine in were moldboard plow, chisel plow, and ridge till. Runoff the Minnesota River with peak concentrations closely losses of sediment and phosphorus for these systems following spring application each year. The timing of the were reported previously (Hansen et al., 2000) . peak herbicide concentrations in the Minnesota River relative to the peak flow rates for the same events sug-MATERIALS AND METHODS gested that herbicides were primarily transported to the Runoff Plot Design river via overland flow. Runoff events occurring shortly This study was conducted in 1996 and 1997 using rectanafter herbicide application pose the greatest off-site gular runoff plots (3 ϫ 22 m) on a Clarion silt loam (finemovement risk (Wauchope, 1978; Shipitalo et al., 1997) .
loamy, mixed, superactive, mesic Typic Hapludoll) soil in Scott Herbicides can be transported to surface water in County, Minnesota. Before the study, the site was in a ridge both solution phase and with eroded sediments. Runoff
transport of strongly sorbed herbicides can be reduced rotation for 10 yr. The experimental treatments were duplithrough the use of conservation tillage systems. Howcated in a randomized complete block design. Treatments were ever, many moderately sorbing, water-soluble herbicides fall moldboard or chisel plowing followed by spring disking, are transported primarily in the water phase and losses and ridge till planting with row cultivation for ridge maintenance with broadcast or banded herbicide application. Ridge borders driven 10 cm into the soil to prevent leakage. Galvanized metal runoff collectors at the bottom of the plots chan- 
Residual Herbicide in Soil
a Hiniker Series I Econ-O-Till row cultivator. All moldboard and chisel plowed plots were cultivated on the same dates At the conclusion of the study, on 10 Nov. 1997, soil samples with the Hiniker row cultivator with the ridging shares in were taken from all plots to assess the residual concentrations the up position, leaving only 56-cm-wide sweeps running at of alachlor and cyanazine in the soil. Composite samples were 5 cm deep.
taken at 0-to 1-and 1-to 5-cm depths both in the herbicideThe herbicides alachlor and cyanazine were applied on treated band and between the treated bands (and correspond-17 May 1996 and 20 May 1997 using a pressurized backpack ing areas for broadcast treatments). Samples were air-dried sprayer at a delivery rate of 180 L ha Ϫ1 . Properties of the at room temperature for 24 h, crushed and sieved through a herbicides are reported in Table 1 . Broadcast application was 2.0-mm sieve, and then frozen until analyzed. Extraction and made at rates of 2.2 kg ha Ϫ1 for alachlor and 2.1 kg ha Ϫ1 for analysis of alachlor and cyanazine in the soil were done in the cyanazine. Banded applications were made in a 25-cm-wide same manner as described for sediment. band centered over corn rows spaced 75 cm apart. Application rates for the banded treatment were thus equal to one-third
Statistical Analysis
of the broadcast rates.
Analysis of variance was carried out using Statistical Analysis System software (SAS Institute, 1996) . Herbicide loss data
Extraction and Analysis of Herbicides in Runoff
were transformed to logarithmic (base 10) values to control Water samples were retrieved within 12 h after each runnonhomogeneous variances. The means reported here are the off event. Phase separation was done by filtering runoff samgeometric means. Treatment effects were considered signifiples through 12.5-cm glass fiber filters with a nominal pore cant at the 90% confidence level (␣ ϭ 0.10). size of 0.7 m (Whatman [Maidstone, UK] GFF). The sediment was air-dried (22 Ϯ 1ЊC) on the glass filters for 12 to by herbicide banding but not by tillage practice. For both Alachlor and cyanazine standards were spiked into duplicate herbicides, the concentrations were greatest for the first sediment samples for 10% of the sediment samples to assess runoff event in each year and decreased rapidly in subserecovery. Recoveries averaged 98 and 102% for alachlor and cyanazine, respectively. quent events (Table 2 ). In 1996, the first runoff event Water-phase extraction and analysis of herbicides were done occurred 1 d after herbicide application. For this event, according to the method developed by Larson et al. (1996) . the alachlor concentrations averaged 270 g L Ϫ1 for the Herbicides were extracted from filtered runoff water by passbroadcast-treated plots and 110 g L Ϫ1 for the banding 300 mL of the sample through a preconditioned 5-g C-18
RESULTS AND DISCUSSION
treated plots. For the same event, cyanazine concentra- runoff event, along with the intervening precipitation, ln(days after application) is sensitive to annual variability in weather and may not be a good variable for simple resulted in lower herbicide concentrations than for the first runoff event in 1996. For the first runoff event in estimates of herbicide concentration in runoff. However, cumulative precipitation may be a better variable 1997, alachlor and cyanazine concentrations averaged 180 and 350 g L Ϫ1 for the broadcast treatments and for estimating concentration in runoff. 38 and 97 g L Ϫ1 for the banded treatment, respectively. Other studies have also shown that the concentration of herbicides in runoff is highly dependent on time since application of the first runoff event (Wauchope, 1978; Shipitalo et al., 1997) . The herbicide concentration in solution for the band treatment was approximately onethird that of the broadcast treatment. However, the relative difference between concentrations for broadcast and banded treatments varied among event dates and tillage practices. This variability occurred because the amount of runoff and sediment loss differed among event dates and treatments.
Many herbicide fate studies (Triplett et al., 1978; Gaynor et al., 1995; Shipitalo et al., 1997) have described the change in runoff herbicide concentration over time with a linear relationship between ln(concentration) and ln(days after application). Here, this type of relationship described the change in alachlor or cyanazine concentration in solution when each study year and herbicide application method was compared separately (0.68 Ͻ r 2 Ͻ 0.95). However, when both years' data were combined, the relationships were poor (0.16 Ͻ r 2 Ͻ 0.24). The amount and frequency of rainfall were very different for the two years (Table 2 ) and these differences probably affected herbicide dissipation and the resulting concentrations in runoff. For alachlor and cyanazine, there was a relationship between log(concentration) and the cumulative amount of precipitation since the date of herbicide application (Fig. 1) . Plotting herbicide concentration against cumulative precipitation incorporates 
Alachlor Losses in Runoff
Total alachlor losses (water ϩ sediment) for 1996 and 1997 are shown in Fig. 3 . In 1996, the total loss of alachlor was affected by tillage (P ϭ 0.001) and herbicide application method (P ϭ 0.001) and there was a tillage by application method interaction (P ϭ 0.003). For the broadcast treatment, alachlor losses follow the order: moldboard plow (22 g ha alachlor for moldboard plow, chisel plow, and ridge till treatments, respectively. Losses were least for the conSediment Phase servation tillage systems due to a reduction in runoff volume and sediment loss, since tillage did not affect alaOn a mass basis, the concentrations of alachlor and chlor concentration. For the banded treatment alachlor cyanazine in the sediment phase of runoff were greater losses were 4.3, 3.0, and 2.2 g ha Ϫ1 for the moldboard than in the water phase (Table 2) . Herbicide application plow, chisel plow, and ridge till treatments, respectively. method affected alachlor concentration in sediment (P ϭ
In the moldboard plow treatment, band-applying herbi-0.001), but tillage practice did not (P ϭ 0.910). Cyanacides resulted in one-fifth the herbicide loss in runoff zine concentration in sediment was affected by herbicide compared with broadcasting, although the amount apapplication method (P Ͻ 0.001) but not by tillage pracplied was only one-third of the broadcast amount. The tice (P ϭ 0.813). For both herbicides, sediment-phase additional reduction in herbicide loss was due to a lower concentration was greater for the broadcast treatments amount of total runoff. Weed growth in the interrow than for the banded treatments. A plot of concentration area before cultivation reduced runoff, especially in the in sediment versus solution phases for all events and all moldboard plow system that had little cover from crop treatments shows that the distribution coefficient, K d , residue (Hansen et al., 2000) . was 11 L kg Ϫ1 for alachlor and 2.4 L kg Ϫ1 for cyanazine (Fig. 2) . These values are similar to those obtained in In 1997, total alachlor loss was affected by tillage (P ϭ 0.076) and herbicide application method (P ϭ 0.018) the conservation tillage approaches. In the case of herbicide banding, lesser alachlor losses occurred because of and there was a tillage by herbicide interaction (P ϭ 0.082). For the broadcast-treated plots, total alachlor a reduction in herbicide application as well as reductions in runoff volume. losses followed the order: moldboard plow (13 g ha
). For the Since water-phase losses of herbicides often predomibanded plots, total alachlor losses were similar among nate, some (e.g., Wauchope, 1978) have argued that mantillage treatments and averaged 1.4 g ha
Ϫ1
. In general, agement practices that reduce sediment loss but do not the loss of alachlor was lower in 1997 than in 1996. This reduce runoff volume will be ineffective in reducing heroccurred even though the cumulative rainfall (Table 1) bicide loss. However, it may be inappropriate to draw and runoff (Hansen et al., 2000) were higher in 1997 such a conclusion from this study or others like it. The than in 1996. Delay in the timing of runoff relative to relative proportion of herbicide transported in solution herbicide application had a greater effect on reducing and sediment phases was determined based on the heralachlor loss than the amount of runoff. In addition, the bicide partitioning after sample collection and storage, effect of tillage on runoff volume was more important since phase separation did not occur immediately. It is for herbicide transport than the effect of tillage on herbivery possible that much of the solution-phase herbicide cide concentration. The reduction in alachlor loss associdesorbed from suspended sediments during runoff or ated with band application was greater than the threesample storage. This would underestimate the imporfold reduction in application rate. This was due to a tance of the solid phase as a source of herbicides in reduction in runoff volume from the banded treatment runoff. Less desorption may occur when detachment of (Hansen et al., 2000) . soil particles is reduced by conservation tillage. More For both study years, total alachlor loss was domiresearch is needed to understand these mechanisms. nated by water-phase losses, but sediment-phase transport was also important (Fig. 3) . The percent of total
Cyanazine Losses in Runoff
alachlor lost in the water phase was not different among Cyanazine losses were substantially greater than tillage (P ϭ 0.970) or herbicide application method (P ϭ alachlor losses (Fig. 4) . In 1996, cyanazine losses were 0.600) and averaged 88% for both years. Other studies affected by tillage (P ϭ 0.001) and herbicide applicahave shown similar percentages of total alachlor loss in tion method (P ϭ 0.001) and there was a significant tilthe water phase (Felsot et al., 1990; Khakural et al., lage by herbicide application method interaction (P ϭ 1994). Although the concentration of alachlor was much 0.002). When herbicides were broadcast-applied, cyagreater per unit mass of sediment than per unit mass nazine losses were 92 g ha Ϫ1 for moldboard plow, 43 g of water, the total mass of sediment lost in runoff was ha Ϫ1 for chisel plow, and 8.0 g ha Ϫ1 for ridge till. These small compared with the mass of water. Here, the differlosses represent 4.4, 2.0, and 0.38% of the amount apences in herbicide losses among tillage were largely driven by a reduction in runoff volume associated with plied, respectively. The lesser losses for chisel and ridge till systems were due to a reduction in volume of runoff Residual Cyanazine (Hansen et al., 2000) . When the herbicides were applied
In-row residual cyanazine concentrations were greater in a band, cyanazine losses were less than from the than residual alachlor concentrations, suggesting a longer broadcast treatment for the moldboard (17 g ha
Ϫ1
) and persistence of cyanazine in this soil. There was a tillage chisel plowed plots (16 g ha Ϫ1 ) and similar for the ridge by depth interaction (P ϭ 0.061) for the in-row residual tilled plots (12 g ha Ϫ1 ).
cyanazine concentration (Fig. 5) . The interaction ocIn 1997, cyanazine losses were less than in 1996. Cyacurred because cyanazine concentrations in the 1-to nazine losses in 1997 were affected by herbicide applica-5-cm depth were lesser than in the 0-to 1-cm depth for tion method (P ϭ 0.055), but not by tillage system (P ϭ the moldboard and chisel plowed plots, but concentra-0.476). There was no tillage by herbicide banding intertions were similar with depth for the ridge tilled plots. action (P ϭ 0.550) on cyanazine losses in 1997. Losses
These differences are the result of soil movement and averaged 18 g ha Ϫ1 for the broadcast-treated plots and disturbance from cultivation. The ridge-building cultiva-3.3 g ha Ϫ1 for the band-treated plots. Of the total loss tion moved herbicide-treated soil from the furrow into of cyanazine, 97% was lost in the water phase, and this the row, covering the original herbicide-treated soil surpercentage was not different among tillage systems (P ϭ face. The similar herbicide concentration with depth in 0.443) or herbicide application methods (P ϭ 0.574).
the row reflects this mixing. For the band-treated ridge Sediment-phase losses were much smaller for cyanazine till plots, the soil that was moved from the furrow into than for alachlor. However, as stated earlier, the importhe row was not treated with herbicides, thus resulting tance of suspended sediment in mobilizing herbicides in a cyanazine concentration at the 0-to 1-cm depth may be underestimated, since it is not known how much that was lesser than the concentration of other tillage of the water-phase herbicides may be due to desorption systems. This suggests that ridge cultivation coupled during runoff and sample storage.
with banded herbicide application could reduce the One result suggests that cropping and tillage systems availability of herbicides to runoff. However, these rethat reduce runoff during the period immediately folsults were not seen in this study because most of the lowing the herbicide application have the most promise herbicide losses in surface runoff occurred before ridgefor reducing off-site herbicide movement in runoff. The building cultivation when the above effects were absent. potential of band application for reducing off-site transResidual concentrations of cyanazine for the beport of herbicides is high because application rates are lower and also because runoff amounts are lower due to the presence of weed cover between the rows, especially before cultivation. Results indicate that a reduction in runoff due to the presence of weeds is more important for tillage systems that leave little crop residue on the soil surface, such as the moldboard plow, than for conservation tillage approaches.
Residual Herbicide In Soil Residual Alachlor
For samples taken in the row, alachlor was found at low concentrations in the 0-to 1-cm depth for all treatments, averaging 42 g kg Ϫ1 . No differences among tillage (P ϭ 0.625) or herbicide application method (P ϭ 0.208) were noted. At the 1-to 5-cm depth in the row, alachlor concentrations were below the detection limit of 8 g kg Ϫ1 for the moldboard and chisel plowed plots but averaged 44 g kg Ϫ1 for the ridge tilled plots. The presence of alachlor in the 1-to 5-cm depth of the ridge till treatment occurred because the ridge-building cultivation buried the original soil surface of the in-row position. This observation will be developed further below for residual cyanazine. Concentrations of alachlor were below the detection limit for all samples taken between the row regardless of sampling depth or herbicide application method. The lower concentrations between the row result from the cultivation. Conventional cultivation diluted the herbicides by mixing soil from mixing may also promote more rapid degradation.
tween-row position were low for the banded treatments, either conservation tillage or herbicide banding were because this area was not sprayed. For the banded treateffective in reducing the off-site transport of herbicides. ments, the residual cyanazine concentrations at the 0-to Concentrations of cyanazine in the soil at the end of 1-cm depth were similar among tillage practice and averthe study period were greater than the concentrations aged 6.8 g kg Ϫ1 . At the 1-to 5-cm depth, residual of cyanazine measured in suspended sediments from cyanazine concentrations for all banded treatments were the most recent runoff, indicating that desorption of below the detection limit. For the broadcast treatment, cyanazine from sediments in runoff during storage may between-row cyanazine concentrations for the 0-to 1-cm be important. depth were 39, 23, and 22 g kg Ϫ1 for the ridge till, moldboard, and chisel plow systems, respectively. At the REFERENCES 1-to 5-cm depth, cyanazine concentration was similar Baker, J.L., J.M. Laflen, and H.P. Johnson. 1978 . Effect of tillage among tillage practices and averaged 11 g kg
Ϫ1
. Resystems on runoff losses of pesticides, a rainfall simulation study.
gardless of tillage practice, the between-row concentra- 
